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Abstract.  We analyze the anisotropic electrical and thermal transport measurements in single 
crystals of In2Te5 belonging to monoclinic space group C12/c1 with the temperature gradient 
applied || and  to the crystallographic c-axis of the crystals in the temperature range 5 K to 
390 K. The thermal conductivity along the c-axis (κ||) was found to smaller by a factor of 2 
compared to the thermal conductivity along the direction perpendicular to the c-axis (κ) over the 
entire temperature range. In contrast, the Seebeck coefficient along the c-axis (S||) was found to 
be higher than its value along the direction perpendicular to the c-axis (S). At the room 
temperature, the figure of merit zT|| is found to be 4 times larger as compare to the figure of merit 
zT . These improvements can be taken as an indication that the corresponding low dimensional 
counterpart of In2Te5 (viz., thin films, nanowires, etc) with specific growth direction could act as 
promising thermoelectric materials.  
Keywords:  Anisotropy, Single crystal, Seebeck Coefficient, Thermal Conductivity, 
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1. Introduction 
Over the past decade, thermoelectric materials have attracted considerable research interest 
because of their possible applications in direct solid state energy conversion between waste heat 
and power generation (using thermoelectric generators) as well as for the purpose of electronic 
refrigeration [1-3]. The performance of thermoelectric materials can be quantified by the 
dimensionless figure of merit zT= S2T/ρ (κlat + κe). Here S is the thermopower, ρ is the electrical 
resistivity, κlat is the lattice thermal conductivity, κe is the electronic thermal conductivity and T 
is the absolute temperature such that a large zT value is desirable for improving the efficiency of 
thermoelectric generators and coolers. The research attempts are directed towards enhancing the 
efficiency of this conversion (i.e., increasing the figure of merit zT) by improving the thermal as 
well as electrical properties. To enhance the figure of merit zT, one has to either reduce the 
phonon component from the total thermal conductivity without affecting the electrical 
conductivity and/or improve the power factor (by an increase the density of states near the Fermi 
level) without concomitantly increasing the thermal conductivity [4]. Over the years, several 
strategies have been implemented to reduce the thermal conductivity, like disordering the system 
by introducing the point defects [2], creating resonant scattering by localized rattling atoms 
[5,6,8], creating maximum interfaces by ball milling and hot pressing/ spark plasma sintering 
(SPS) [6-7]. 
   
Group III and VI semiconductor materials great attention has been paid due to their 
application in developing hetero-junction for optoelectronics applications and Schottky barriers. 
Direction dependent study have also being carried out on thermoelectric materials like SnSe, 
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In4Se3, In4Te3, YAlNiCo, Al4X (X is a transition metal), Al80Cr15Fe5, etc [9-12, 18] due to their 
layered structures. Anisotropy plays a crucial role to enhance the zT values in the thermoelectric 
materials. We have synthesized single crystals of layered In2Te5 (space group C12/c1) and 
studied their anisotropic thermal transport properties [13].  
 
2. Experimental details  
Single crystals of In2Te5 were grown by the modified Bridgman technique. Rod of In 
(99.99%) and shots of Te (99.99%) obtained from Alfa Aesar were mixed in stoichiometric ratio 
and sealed in a quartz ampoule after evacuation (10-5 mbar). The mixture was heated up to 500oC 
over a time period of 15 hours and sustained at this temperature  for 24 h and then cooled slowly 
(2oC/h) to 470oC  where it was left for 24 hours [10,14]. The charge was then the furnace-cooled 
to room temperature. Well-grown single crystals could easily be separated from the charge for 
various measurements. Dimensions of the crystal used for thermal transport measurements in this 
work were 4.54x1.96x1.27 mm3. Powder X-ray diffraction (XRD) patterns were collected by 
Philips X’Pert PRO, Holland X-ray diffraction system using Cu Kα radiation. Thermopower and 
Thermal conductivity were measured using the two probe configuration of Thermal Transport 
Option (TTO) and four probe resistivity were performed by resistivity option in a Physical 
Property Measurement System (PPMS) (Quantum Design Inc., USA). Nominal composition was 
examined by energy dispersive X-ray analysis, observed value was within 1.5% to the 
theoretically expected result. The single crystal morphology was observed by JEOL Field 
emission scanning electron microscope and the single crystalline nature was confirmed by the  
high resolution transmission electron microscope (JEM 2100F) (HRTEM).  
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3. Results and discussion 
 Figure 1(a). (Upper panel) shows the XRD pattern of the powdered single crystals of In2Te5. 
Rietveld refinement was performed on the obtained pattern using the known monoclinic structure 
with space group C12/c1. A good agreement between the experimental data (Magenta open 
circle) and calculations (black line) suggests the formation of In2Te5 in single phase. Summary of 
the crystallographic data is shown in Table I. In order to find out the orientation of the single 
crystal, the X- ray diffraction pattern was obtained for the single crystal which was used for the 
measurements [15]. 
 
Fig. 1(a) lower panel shows the pattern, which clearly indicates that the plane of the crystal 
grows along the c-direction (only [0 0 6] and [0 0 12] reflections are seen in the measured 2 
range). Fig. 1(b) shows a ball and stick model of In2Te5. Dark pink and dark blue balls indicate 
In and Te atoms, respectively. Planer separate sheets of atoms staked perpendicular to 
crystallographic c axis can be seen. The chain of two In and two Te atoms formed In-Te rings 
such that these rings are connected by cross linked bunch of three Te atoms.  Such a structure has 
been seen to possess a large unit cell with a large variation in lattice parameters [16, 17]. Fig. 
1(c) shows the small area electron diffraction (SAED) pattern obtained for the batch of single 
crystals used in our measurements. Characteristic bright spots indicating single crystalline nature 
of the specimen is self-evident. Fig. 1(d) is a schematic diagram showing temperature gradient in 
parallel and perpendicular directions to the crystallographic c axis. Fig. 1(e) shows the optical 
micrograph of a cleaved piece of single crystal belonging to the same batch where the layered 
structure of the single crystal In2Te5 is clearly visible. 
 
  The temperature dependence of total thermal conductivity (κtot) along the two 
crystallographic directions (κtot(||)  and κtot() ) is shown in Fig. 2(a) with temperature gradient 
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applied in two directions, parallel and  perpendicular to c. The total thermal conductivity (κtot) 
reveal a typical phonon umklapp maximum at ~ 35 K and follows the power law up to 35 K. Due 
to high resistivity (ρ), κtot has major contribution from phonons irrespective of the measurement 
direction, as can be seen from Fig. 2(b). The total thermal conductivity κtot() is found to be 
higher than the total thermal conductivity κtot(||) in the entire temperature range with a value of  
κtot() = 0.916 W/m-K and κtot(||) = 0.411 W/m-K at the room temperature. This anisotropy in 
thermal conductivity can be attributed to the layered structure [13] nature of the compound with 
large variation in the lattice parameters. When the thermal gradient is applied  to 
crystallographic c axis, thermal current dominates transport in  direction (see Fig. 1(d)) while 
the effective thermal transport is less in the direction || to crystallographic c axis due to the 
presence of layered structure. Compared to the state of art thermoelectric materials, the total 
thermal conductivity along the direction || c is considerably low [11]. 
The electronic part of the thermal conductivity can be estimated by the Wiedmann – Franz 
law κe = L0σT, where L0 is the Lorenz number (2.44x10-8 WΩK-2). The electronic thermal 
conductivities κele(||) and κele() along directions parallel and perpendicular to the c-axis, 
respectively, increases with increasing temperature. In the lower inset in Fig. 2 (b), lattice 
thermal conductivity is determined by subtracting electronic part from total thermal conductivity. 
It can be observed that κlat(||) (= 0.411 W/m-K)  is ≈ 2.2 times lower compared to κlat() (= 0.916 
W/m-K) at 300 K. The ratio of the κlat to κtot indicates that κtot is dominated by phonons 
contribution. 
 
The variations of the Seebeck coefficient S(T) with respect to temperature along the two 
directions, S|| and S, for single crystal In2Te5 is shown in Fig. 3(a). It can be noticed that S|| > S 
for T > 200 K. The positive sign of the Seebeck coefficient indicate that the majority charge 
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carriers are p type (holes) throughout the experimental temperature range. The highest value of 
S|| is 480 μV/K at about 273 K and that of S is 408 μV/K at about 267 K.  
For find out the energy band gap (Eg) for the crystal applying the Goldsmid and Sharp formula 
[19], 
 
ܧ௚ = 2݁	ܵ௠௔௫ ௠ܶ௔௫ 
where, e is the electron charge carrier. Using the values of Smax and Tmax from Fig. 3(a), we 
obtain Eg = 0.21 eV at 267 K and 0.26 eV at 273 K for S and S|| directions, respectively. This 
clearly indicates that the plane perpendicular to c-axis has better heat conductivity than the plane 
parallel to c-axis, which is in good agreement with the thermal conductivity results in Fig. 3(a). 
 
The temperature dependent resistivity ρ(T) along the crystallographic directions parallel and 
perpendicular to the c-axis, viz.,  ρ|| and ρ is shown in Fig. 3(b). Note that ρ decreases with 
increasing temperature up to 50 K. It reveals three regions: first a semiconducting behavior from 
3 K to 50 K, a semi-metallic behavior from 50 K to 300 K and a semiconducting behavior for T 
> 300 K. At 300 K, the value of ρ||  (≈ 0.096 Ωm) is about one order of magnitude lower than ρ 
(≈ 0.12 Ωm).   
Figure 4 shows the temperature dependent heat capacity data (open red circles) along with the 
theoretical fit based on Debye model (solid line) for In2Te5 single crystal. At the low temperature 
end, the data fits well to the Debye model and it approaches the Dulong-Petit limit 165 J/mol-K 
at the high temperature end. The Debye approximation used for the fitting is given below [20], 
 
ܥ௉ = 9ܴ ൬ ܶߠ஽൰ଷන ݀ݔ	 ݔସ	݁௫(݁௫ − 1)ଶ௫ವ଴  
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where R is the gas constant and θD is the Debye temperature, ݔ஽ = ቀఏವ் ቁ . 
 
Temperature dependence power factor PF(T) along the two direction PF|| and PF is shown in 
Fig. 5 (a). The power factor along to the c-axis shows a maximum value of 2.61 μW/ K2m as 
compared to a value of 1.45 μW/ K2m along the direction perpendicular to the c axis at about 225 
K. Overall power factor values are small compared to the state of art materials because of low 
electrical conductivities but it can be tuned by suitable dopant that could be enhanced electrical 
transport properties. We propose such a study as a future work. 
The temperature dependent figure of merit zT along the two directions zT|| and zT is shown in 
Fig. 5 (b). zT|| increases with temperature, with a peak value of 0.0016 which is 3.92 times larger 
than the ZT (4.1×10-4) at about 270 K. 
4. Conclusions  
 
In conclusion, the In2Te5 single crystal reveals that bulk materials with layered structures 
and a large unit cell possess a low thermal conductivity. The associated anisotropic thermal 
transport behavior provides an additional route to engineer high efficiency thermoelectric 
materials. 
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Figure Captions 
Fig. 1. (a) Powdered X-ray diffraction pattern of single crystal In2Te5 with the Rietveld 
refinement, lower inset shows crystal grown along the c axis. (b) Crystal structure of In2Te5 
viewed down to the b axis. It consists alternate In-Te rings which is connected by cross linked 
three Te atoms and layers stacked by van der Waals force. (c) The selected area electron 
diffraction pattern indicates single crystalline nature taken by HRTEM. (d) Schematic diagram 
of layers and temperature gradient applied parallel and perpendicular to the c direction. (e) 
Layered structure of monoclinic In2Te5 single crystal taken by FEG-SEM.  
Fig. 2. (a), Variation of total thermal conductivity (κtot)  as a function of temperature for single 
crystal In2Te5 along parallel and perpendicular to c axis. Upper and lower insets show the 
variation of κe and κlat with temperature for single crystal In2Te5 along parallel and perpendicular 
to c axis. 
Fig. 2. (b), The ratio of lattice thermal conductivity to total thermal conductivity as a function of 
temperature. 
Fig. 3. (a), Variation of Seebeck coefficient (S) and (b), electric resistivity (ρ) as a function of 
temperature for single crystal In2Te5 along parallel and perpendicular to c axis. 
Fig. 4. Temperature dependent measured specific heat (open red circles) and fitted calculated 
specific heat (solid curve) of In2Te5 single crystal estimated by the Debye model. 
Fig. 5. (a), Variation of power factor (PF) and (b), figure of merit (zT) as a function of 
temperature for single crystal In2Te5 along parallel and perpendicular to c axis. 
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Table captions 
TABLE I. Summary of the crystallographic data of single crystal In2Te5. 
TABLE II. Summary of composition and room temperature values of thermal conductivity, 
resistivity, Seebeck coefficient, band gap and figure of merit for single crystal In2Te5 in 
different directions. 
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Figure 1 (a) 
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Figure 1 (b), (c), (d), (e) 
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Figure 2 (a), (b) 
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Figure 3 (a), (b) 
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Figure 4 
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Figure 5 (a), (b) 
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Table I 
 
 
 
 
 
 
 
 
 
 
Table II 
Nominal 
composition 
Average 
composition 
by EDAX  
Direction κ 
(W/Km) 
ρ 
(Ωm) 
S 
(μv/K) 
Eg 
(eV) 
zT 
In2Te5 In2.08Te4.92 || 0.41 0.096 460 0.27 1.6×10-3 
 In2.08Te4.92  0.92 0.12 392 0.23 4.0×10-4 
 
 
Sample In2Te5 
 Nature Single crystal 
Data Powder XRD 
Crystal Structure Monoclinic 
Space group C12/c1 (15) 
a ( Å ) 16.375 (5) 
b ( Å ) 4.330 (1) 
c ( Å ) 40.730 (1) 
V ( Å3 ) 2888 
R exp % 3.418 
R pro % 6.940 
R wp % 9.225 
2  7.284 
